; Plasma membrane (PM) H + -ATPase and H + transport activity were detected in PM fractions prepared from Zostera marina (a seagrass), Vallisneria gigantea (a freshwater grass) and Oryza sativa (rice, a terrestrial plant). The properties of Z. marina PM H + -ATPase, specifically, the optimal pH for ATPase activity and the result of trypsin treatment, were similar to those of authentic PM H + -ATPases in higher plants. In V. gigantea and O. sativa PM fractions, vanadate-sensitive (P-type) ATPase activities were inhibited by the addition of NaCl. In contrast, activity in the Z. marina PM fraction was not inhibited. The nitratesensitive (V-type) and azide-sensitive (F-type) ATPase activities in the Z. marina crude microsomal fraction and the cytoplasmic phosphoenolpyruvate carboxylase activity, however, were inhibited by NaCl, indicating that not all enzyme activities in Z. marina are insensitive to salt. Although the ratio of Na + to K + (Na + /K + ) in seawater is about 30, Na + /K + in the Z. marina cells was about 1.0. The salt-tolerant ATPase activity in the plasma membrane must play an important role in maintaining a low Na + concentration in the seagrass cells.
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Introduction
Many reports on biochemical, physiological, molecular biological and genetic studies of salt tolerance mechanisms of terrestrial plants, such as Arabidopsis thaliana and halophytes, have been published (Hasegawa et al. 2000 , Zhu 2001 ). However, little is known about the salt tolerance mechanisms of marine angiosperms that thrive in seawater. Seagrasses (eelgrasses) are monocotyledonous plants that are usually found along coasts of temperate and tropical regions. Seagrasses are unique angiosperms that grow in the sea. Zostera marina is one of the most common seagrasses and it can be found along coasts worldwide. Unique mechanisms of salt tolerance, which terrestrial plants (e.g. A. thaliana and halophytes) do not have, could be found in a seagrass.
It has been reported previously that the non-spherical protoplasts obtained from Z. marina mature leaves that have been exposed to seawater are highly resistant to a wide range of osmotic potentials and salinities. By contrast, the spherical protoplasts isolated from Z. marina meristematic and immature leaf tissues, which are surrounded by a sheath, are more sensitive to salinity (Arai et al. 1991) . The epidermal cells of the mature leaves have invaginated plasma membranes with a transfer cell-like structure and high ATPase activity as identified by electron microscopy and cytochemical techniques. Neither feature is detected in the epidermal cells of the immature leaves of the seagrass (Pak et al. 1995) . A putative plasma membrane (PM) H + -ATPase gene (ZHA1) was isolated from Z. marina, and Northern hybridization experiments revealed a higher ZHA1 expression in mature than in immature leaves. It has also been reported by in situ hybridization that ZHA1 is predominantly expressed in epidermal cells of mature leaves with invaginated plasma membranes (Fukuhara et al. 1996) . Therefore, the putative PM H + -ATPase (ZHA1) may play an important role for its survival in seawater. Based on electrophysiological techniques, a H + -ATPase rather than a Na + -ATPase is the primary pump in Z. marina and a Na + /H + antiporter could be present in the plasma membrane (Fernández et al. 1999) .
In plants, the PM H + -ATPase acts as the primary transporter that pumps protons out of the cell, thus creating a pH and electrical potential gradient across the plasma membrane that in turn activates many secondary transporters involved in ion and metabolite uptake (Serrano 1989 , Sussman 1994 , Michelet and Boutry 1995 , Sze et al. 1999 , Palmgren 2001 . A gene family of at least 12 members encodes the PM H + -ATPase in A. thaliana (Palmgren 2001 Christensen 1994, Luo et al. 1999) . Recent characterization of mutant Arabidopsis plants with a PM H + -ATPase gene (AHA4) disrupted by a T-DNA insertion indicates that the PM H + -ATPase is involved in salt tolerance in A. thaliana (Vitart et al. 2001) . The importance of the PM H + -ATPase in salt tolerance has also been suggested from biochemical analyses of PM fractions isolated from halophytes such as Salicornia bigelovii and Spartina patens (Ayala et al. 1996, Wu and Seliskar 1998) .
Here, we report on the biochemical analyses of PM H + -ATPases isolated from Z. marina (a seagrass), Vallisneria gigantea (a freshwater grass) and Oryza sativa (rice, a terrestrial plant). Effects of NaCl on vanadate-sensitive (P-type) ATPase activities in PM fractions of these three plants were compared. In seagrass, the effects of NaCl on tonoplast (Vtype) ATPase, mitochondrial (F-type) ATPase and phosphoenolpyruvate carboxylase (PEPC) are described. We show Na + and K + content in leaves of these three plants analyzed by atomic absorption spectrometry (AAS) and scanning electron microscopy with energy-dispersive X-ray (SEM/EDX). These results suggest that the salt-tolerant ATPase activity in the plasma membrane of Z. marina is involved in maintaining a low Na + concentration in seagrass cells.
Results
Preparation of PM fractions from Z. marina leaves PM fractions were prepared from leaves of Z. marina (a seagrass), V. gigantea (a freshwater grass) and O. sativa (rice, a terrestrial plant) by an aqueous-polymer two-phase method as described in Materials and Methods. Table 1 presents distributions of membrane marker enzyme activities in the crude microsomal (CM) and PM fractions prepared from these plants.
Vanadate-sensitive (P-type) ATPase activities (PM marker enzyme) in the PM fractions were about 2.0-, 7.3-and 4.5-fold higher than those in the CM fractions of Z. marina, V. gigantea and O. sativa, respectively (Table 1 ). In contrast, activities of other marker enzymes [nitrate-sensitive (V-type) ATPase for tonoplast, azide-sensitive (F-type) ATPase for mitochondria, UDPase for Golgi apparatus, NAD(P)H-cytochrome c reductase (antimycin A sensitive) for mitochondria and NAD(P)Hcytochrome c reductase (antimycin A insensitive) for endoplasmic reticulum] were lower in the PM fractions compared to the CM fractions. The aqueous-polymer two-phase method was useful for isolating plasma membrane from the leaves of the seagrass as well as from the freshwater grass and terrestrial plant. The PM fraction from Z. marina as well as those from V. gigantea and O. sativa are likely to be of a high quality for biochemical analyses.
Existence of functional PM H
+ -ATPase in Z. marina PM fraction
The P-type H + -ATPase proteins in these PM fractions were quantitated by immunoblotting using an antibody raised against the conserved cytoplasmic region of rice PM H + -ATPase, OSA1 (Wada et al. 1992) . Bands of about 100 kDa were detected in all three lanes in Fig. 1 . They likely represent the PM H + -ATPases, because molecular masses of all higherplant PM H + -ATPases described so far are about 100 kDa (Serrano 1989 , Sussman 1994 , Palmgren 2001 . Judging from the intensities of the 100 kDa bands in Fig. 1 , the content of the putative H + -ATPases in the Z. marina PM fraction was similar to those in the V. gigantea and O. sativa PM fractions.
To detect H + transporting activity in the Z. marina PM fraction, we prepared inside-out (cytoplasmic side out) PM vesicles with the DpH probe Acridine Orange using non-ionic (Johansson et al. 1995) . A decrease in the absorbance of the probe due to the transport of H + into the vesicles was observed within 100 s of the addition of MgSO 4 to a reaction medium containing ATP (Fig. 2) . After the decrease of absorbance was saturated at about 500 s, nigericin, which is an ionophore for H + and K + , was added. It dissipated the H + gradient across the membrane of the vesicles immediately (Fig. 2) . These results confirmed that the H + gradient across the membrane was formed by H + transporting activity in the Z. marina PM fraction. From these results ( Fig. 1, 2) , the Z. marina PM fraction contains a PM H + -ATPase of about 100 kDa as reported so far for the all terrestrial higher plants. Furthermore, these results also confirm that the Z. marina PM fraction could be used for further biochemical characterization of the PM H + -ATPase.
Biochemical properties of PM H
+ -ATPase in Z. marina We examined the optimal pH of the Z. marina PM ATPase. The pH sensitivity of vanadate-sensitive (P-type) ATPase activity in the Z. marina PM fraction is shown in Fig.  3 . The optimal pH of Z. marina PM ATPase was 6.0. The optimal pH for O. sativa PM ATPase and for PM H + -ATPase isoforms in A. thaliana (AHA1, AHA2 and AHA3) have been reported to be 6.0 (Ros et al. 1991 ) and 6.5 (Palmgren and Christensen 1994) , respectively. The optimal pH of vanadatesensitive ATPase in the Z. marina PM fraction was therefore similar to those of PM H + -ATPases in terrestrial higher plants.
All PM H + -ATPases in higher plants described so far have an autoinhibitory domain in the C-terminal region (Palmgren et al. 1990 , Palmgren 2001 . Removal of the domain by mild trypsin treatment results in activation of the enzyme activity . After the PM fraction of Z. marina was treated with trypsin, the vanadate-sensitive ATPase activity and the molecular mass of H + -ATPase were analyzed (Fig. 4) . The ATPase activity of the PM fraction treated with trypsin at 2.0 U ml -1 for 4 min increased about 2-fold from its original level ( 
NaCl-resistant PM ATPase activity in Z. marina
The vanadate-sensitive (P-type) ATPase activities in the PM fractions of Z. marina (a seagrass), V. gigantea (a freshwa- 
Fig. 2 ATP-dependent H
+ -transporting activity in the Z. marina PM fraction. The inside-out PM vesicles isolated from Z. marina were used for detecting the ATP-dependent H + -transporting activity. Vesicle acidification was monitored by decrease of Acridine Orange absorbance. The reaction was started by the addition of MgSO 4 (Mg). When the absorbance at 495 nm (transport of H + into the vesicles) stopped decreasing, nigericin, which is an ionophore for H + and K + , was added. Fig. 3 The pH dependence of vanadate-sensitive (P-type) ATPase activity in the Z. marina PM fraction. The error bars indicate standard errors (SE) (n = 4).
ter grass) and O. sativa (a terrestrial plant) were analyzed in the presence of NaCl. The assays were carried out at pH 6.5 and 7.0, which have been reported to be, respectively, the optimal pH for PM H + -ATPase and the cytosolic pH of higher plants ( Kurkdjian and Guern 1989, Fernández et al. 1999 ). In V. gigantea and O. sativa PM fractions, PM ATPase activities were inhibited by the addition of 510 mM NaCl (Fig. 5) . In contrast, the ATPase activity of the Z. marina PM fraction was not inhibited by 510 mM NaCl at pH 6.5 (Fig. 5A) . At pH 7.0, it was maintained considerably (59%) in comparison with those of the V. gigantea (20%) and O. sativa (20%) PM fractions by 510 mM NaCl (Fig. 5B) . The seagrass Z. marina has salttolerant ATPase activity that may be attributable to the PM H + -ATPase detected by immunoblotting (Fig. 1, 4 ). Thus, the PM H + -ATPase in the seagrass Z. marina is different from authentic PM H + -ATPases in terrestrial plants in terms of the effect of NaCl on its activity but similar to the authentic ones in terms of the optimal pH and the result of trypsin treatment.
The vanadate-sensitive (P-type) ATPase activities in PM fractions of seagrass Z. marina and freshwater grass V. gigantea were assayed in the presence of KCl. In contrast to the effect of NaCl on PM ATPase activities (Fig. 5) , the ATPase activities of the Z. marina PM fraction and the V. gigantea fraction were not inhibited by KCl (Fig. 6) . Rather, KCl activated both ATPase activities as described previously for rice (Ros et al. 1991) . Both of the ATPase activities in the The PM H + -ATPases were immunodetected after trypsin treatments. Transferred proteins were detected using an antibody against the central consensus loop of rice PM H + -ATPase (OSA1). Five hundred ng of protein from the PM fraction was loaded in each lane. Fig. 5 The effect of NaCl on vanadate-sensitive (P-type) ATPase activities. The vanadate-sensitive ATPase activities in the PM fractions of a seagrass (Z. marina), a freshwater grass (V. gigantea), and rice (O. sativa), were assayed in the presence of NaCl at pH 6.5 (A) and 7.0 (B). The error bars indicate SE (n = 5).
presence of 510 mM KCl were higher than those in the absence of KCl (Fig. 6 ).
The effect of NaCl on other ATPase and PEPC activities Higher plants have at least two other kinds of H + -ATPases, a nitrate-sensitive (V-type) ATPase in tonoplast and an azide-sensitive (F-type) ATPase in mitochondria. We examined whether these ATPase activities in organelle membranes of Z. marina are resistant to NaCl. Both nitrate-and azide-sensitive ATPase activities in the Z. marina CM fraction were inhibited by the addition of 510 mM NaCl (Fig. 7) .
Cytoplasmic enzyme activity of Z. marina was also examined in the presence of NaCl. PEPC is a cytoplasmic enzyme important for CO 2 fixation in C4 and CAM photosynthesis. Since it has been reported that some species of seagrasses appear to be C3-C4 intermediates (Touchette and Burkholder 2000) , PEPC might play an important role in CO 2 fixation in Z. marina. The PEPC activity of Z. marina was also inhibited by the addition of 510 mM NaCl (Fig. 7) . In a mangrove plant (Avicennia marina), similar results have been reported; activities of most enzymes are inhibited by NaCl (Ashihara et al. 1997) . The NaCl concentration that causes 50% inhibition of enzymatic activity is 110 mM in PEPC in A. marina.
Thus, ATPase activities associated with two organelle membranes and a cytoplasmic enzyme (PEPC) activity in seagrass Z. marina were inhibited by NaCl, as almost all enzyme activities in terrestrial plants are inhibited. All enzymes in Z. marina are not resistant to seawater (500 mM NaCl).
Na
+ and K + contents in leaves A seagrass can thrive in seawater that contains about 500 mM Na + , and the ratio of Na + to K + (Na . However, the results for both V. gigantea and Z. marina leaves were unexpected because both Na + and K + were detected at about 35 g (kg DW) -1 . Although V. gigantea grows in freshwater, the Na + content of 37.6 g (kg DW) -1 in its leaves was much higher than that in rice leaves (0.2 g (kg DW)
). Furthermore, although Z. marina grows in seawater, its Na + content (35.4 g kg -1 DW) was similar to its K + content (33.9 g (kg DW) -1 ). The ratio of Na + to K + (Na + /K + ) was 1.04, and this value is extremely low compared to that of seawater (about 30). Fig. 6 The effect of KCl on vanadate-sensitive (P-type) ATPase activities. ATPase activities in PM fractions of the seagrass Z. marina and the freshwater grass V. gigantea were assayed at pH 6.5 in the presence of KCl. The error bars indicate SE (n = 3). Fig. 7 The effect of NaCl on enzyme activities in the seagrass Z. marina. Nitrate-sensitive (V-type, tonoplast) and azide-sensitive (F-type, mitochondria) ATPase activities in the Z. marina CM fractions, and PEPC activity in the Z. marina crude extract were assayed in the presence of NaCl. The values for enzymatic activity are indicated as a percentage of control activity. The control activities (100%) were 0.038 mmol P i (mg protein)
-1 min -1 (nitrate-sensitive ATPase), 0.050 mmol P i (mg protein)
-1 min -1 (azide-sensitive ATPase) and 129 nkat (mg protein) -1 (PEPC). The error bars indicate SE (nitrate-sensitive and azide-sensitive ATPase activities, n = 6; PEPC activity, n = 3). More than 10 sites in each sample for these micro-analyses were selected randomly, and average values of mass percentages of Na and K atoms per all atoms are shown in Table 3 . Although data in Tables 2 and 3 are presented in different units (g (kg DW) -1 and %, respectively), the results of SEM/EDX shown in Table 3 are similar to those of AAS in Table 2 . In Z. marina, for example, the Na/K value of 1.27 in Table 3 is similar to the Na + /K + value of 1.04 in Table 2 , indicating that the results obtained by both methods are reliable.
Because whole leaves were used for AAS analyses, the values of ion contents in Table 2 must contain Na + and K + both inside (e.g. in the cytoplasm and vacuole) and outside (e.g. in the cell wall) the cells. Cell walls may contain significant amounts of Na + and K
+
. Na + and K + contents inside the cell should be more meaningful for considering ion-homeostasis than those in a whole leaf. Because SEM/EDX is useful for micro-analyses of Na and K contents, intracellular Na and K contents were measured by SEM/EDX and compared with extracellular values (Table 4 and Fig. 8 ). In V. gigantea and O. sativa, intracellular Na and K contents were similar to extracellular contents (Table 4) . Therefore, values of V. gigantea and O. sativa in Table 4 are similar to those in Table 3 . In Z. marina, however, intracellular Na and K contents (3.28% and 3.73%) were different from extracellular values (5.03% and 2.56%). The intracellular Na content (3.28%) is less than the K content (3.73%) for Z. marina epidermal cells (Na/K is 0.87) but the extracellular Na content (5.03%) is about 2-fold more than the K content (2.56%; the Na/K is 1.96). Therefore, the Na/K ratio inside Z. marina epidermal cells (0.87) is maintained remarkably low in comparison with that of seawater (about 30).
Discussion

Salt-tolerant PM H
+ -ATPase in Z. marina In plants, the PM H + -ATPase acts as a primary transporter that pumps H + out of the cell, thereby creating a pH gradient and an electrical potential gradient across the plasma membrane (Serrano 1989 , Sussman 1994 , Michelet and Boutry 1995 . Many secondary transporters, whose abilities are dependent on the proton-motive force created by the H + -ATPase, are involved in transport of many solutes (ions and metabolites) into and out of the cell (Sze et al. 1999 , Palmgren 2001 . When almost all plants are exposed to high external salt (NaCl) concentrations, transport of Na + out of the cell by the PM H + -ATPase and Na + /H + antiporter is necessary to alleviate Na + toxicity (Bohnert et al. 1995 , Niu et al. 1995 . Recently, characterization of mutants revealed that the H + -ATPase (AHA4) and Na + /H + antiporter (SOS1) in the plasma membrane are involved in salinity tolerance in A. thaliana (Shi et al. 2000 , Vitart et al. 2001 .
Salt resistance in plants must depend on an increase in PM H + -ATPase activity. For instance, in the halophyte Salicornia bigelovii Torr., the PM (vanadate-sensitive) ATPase activity isolated from 200 mM NaCl-grown plants was 60% higher than that of the 5 mM NaCl-grown plants (Ayala et al. 1996) . Wu and Seliskar (1998) also reported a significant increase (2-to 3-fold) in PM ATPase activity of the salt marsh plant (Spartina patens) when its callus was grown on media containing 340 mM NaCl. In both reports, it was proposed that the PM H + -ATPase is important in salt tolerance in halophytes. However, the PM ATPase activity isolated from salt-adapted callus of S. patens as well as control callus was inhibited by approximately 30-40% by 300 mM NaCl in the assay solution. This result, namely, in vitro inhibition of PM ATPase activity by NaCl, is similar to our results, in that the PM ATPase activities of freshwater grass (V. gigantea) and rice (O. sativa) were inhibited by NaCl (Fig. 5) . In contrast, in this study, we demonstrated for the first time that the PM ATPase of seagrass (Z. marina) maintained its activity in vitro even in the presence of 510 mM NaCl (Fig. 5) . Therefore, the PM H + -ATPase in Z. marina is different not only from those in a glycophyte (rice) and freshwater grass but also those in halophytes. The PM H + -ATPase in a seagrass might have evolved specifically to enable the plants to thrive in seawater.
It has been reported that the amino acid sequence of Z. marina PM H + -ATPase (ZHA1) is most similar to PMA4 (84.4%), which is a gene for a PM H + -ATPase from tobacco (Nicotiana plumbagnifolia) (Fukuhara et al. 1996) . The Z. marina PM H 
Ion homeostasis in Z. marina
The present results of Na + and K + contents in leaves analyzed by AAS and SEM/EDX are valuable for considering salt tolerance mechanisms of seagrass Z. marina ( (Table 2 ). However, the results for V. gigantea and Z. marina leaves by AAS were unexpected because measured values of both Na + and K + were about 35 g (kg DW) -1 (Table 2) . Although the freshwater grass V. gigantea was grown in artificial pond water with soil to which no NaCl was added, the Na + content of 37.6 g (kg DW) -1 in its leaves was remarkably higher than that in rice leaves (0.2 g (kg DW) -1 ). These results suggest that the freshwater grass might actively accumulate Na + in its leaves.
Although the seagrass Z. marina grows in seawater whose ratio of Na + to K + (Na
is about 30, the Na + content (35.4 g (kg DW) -1 ) in seagrass leaves was similar to the K + content (33.9 g (kg DW) -1 ) analyzed by AAS (Table 2 ). The ratio of Na + /K + in its leaves was 1.04, which is extremely low compared to that of seawater (about 30). It indicates that the seagrass Z. marina actively excludes Na + from their cells and imports K + from seawater. Micro-analyses in Z. marina leaf epidermal cells by SEM/EDX revealed that intracellular Na and K contents (3.28% and 3.73%, respectively) were significantly different from extracellular values (5.03% and 2.56%, respectively; Fig. 8 and Table 4 ). The Na content (3.28%) inside the epidermal cells is less than the K content (3.73%) (Na/K is 0.87) but the Na content (5.03%) outside is about 2-fold more than the K content (2.56%) (Na/K is 1.96). These results also support the hypothesis that the seagrass Z. marina actively excludes Na + from its cells and imports K + from seawater.
In the seagrass Z. marina, the PM (P-type) ATPase activity was less sensitive to 510 mM NaCl (Fig. 5) , whereas activities of V-type ATPase located in tonoplast, F-type ATPase in mitochondria, and PEPC in the cytoplasm were inhibited by the addition of 510 mM NaCl (Fig. 7) . These results indicate that the enzymes of the salt-tolerant seagrass need not be salt tolerant. The results also suggest that Na + concentration in a seagrass cell should not be as high as that in seawater (about 500 mM); furthermore, this inference is consistent with the results obtained by AAS and SEM/EDX (Table 2-4). Therefore, the Na + concentration in Z. marina cells must be lower than that in seawater. The salt-tolerant H + -ATPase must generate an electrochemical membrane potential in the Z. marina plasma membrane and a Na + /H + antiporter may transport Na + from the interior to the exterior of the cell by using this H + gradient across the plasma membrane (Fernández et al. 1999 ). The salt-tolerant H + -ATPase in the plasma membrane must play the most important role for maintaining a low Na + /K + ratio (low Na + concentration) in seagrass cells and for its ability to thrive under seawater.
Materials and Methods
Plant materials
Z. marina L. was collected at Futtsu in Tokyo bay and washed several times with artificial seawater (Marine Art Hi, Senju Seiyaku, Japan) before homogenization. V. gigantea Graebner was grown in water-filled buckets with soil under a 12-h light and 12-h dark cycle at 22°C (Izutani et al. 1990) . O. sativa (cv. Nipponbare) was grown in a greenhouse at 28°C.
Isolation of CM and PM fractions
PM fractions were isolated and purified by the procedures Downloaded from https://academic.oup.com/pcp/article-abstract/43/10/1137/1849334 by guest on 11 April 2019 described previously (Harada et al. 2002) with minor modification. Leaves of Z. marina, V. gigantea and O. sativa (30-60 g) were homogenized with 240 ml of 50 mM MOPS-KOH (pH 7.6), 300 mM sucrose, 10 mM EGTA, 5 mM EDTA, 1% (w/v) casein, 10 mg ml -1 butylated hydroxytoluene, 5 mM K 2 S 2 O 5 , 1.2 mg ml -1 aprotinin, 2.5 mg ml -1 pepstatin, 1 mM DTT and 20 mg ml -1 polyvinylpolypyrrolidone. Homogenates were centrifuged at 8,000´g for 15 min, and the supernatants were centrifuged again at 156,000´g for 15 min. The pellets were resuspended in buffer A [0.25 M sucrose, 10 mM phosphatebuffer (pH 7.8)] and centrifuged at 156,000´g for 15 min. The pellets were resuspended again in buffer A or in buffer B [0.25 M sucrose, 5 mM MOPS-KOH (pH 7.6), 0.1 mM DTT] and were used as CM fractions. These CM fractions were further purified by the aqueouspolymer two-phase method (Yoshida et al. 1983 ) with a polymer mixture [5.6% (w/v) Dextran T-500, 5.6% (w/v) PEG P-3640, 30 mM NaCl, 0.25 M sucrose and 10 mM phosphate-buffer (pH 7.8)]. The upper phases were centrifuged, and the pellets were resuspended in buffer B and used as PM fractions. Concentration of proteins was determined by the bicinchoninate method for membrane fractions (Smith et al. 1985) and the Bradford method for crude extracts (Bradford 1976).
Assays for marker enzymes and ATPases
ATP hydrolysis activity was assayed at 30°C for 30 min with 0.5 ml of reaction mixtures containing 12.5 mM Tris-MES buffer (pH 7.0), 2.5 mM MgSO 4 , 50 mM KCl, 1 mM Na 2 ATP, 125 mM sucrose and 0.5 mg ml -1 Brij 58. The reaction was stopped by the addition of 0.15 ml of 20% SDS, and then the free phosphate (P i ) released was measured according to the method of Heinonen and Lahti (1981) with a slight modification. The 2.0 ml of the acetone-acid-molybdate solution and 0.2 ml of 1 M citric acid were added to the reaction mixture. Absorbance was measured at 355 nm. Effect of NaCl on ATP hydrolysis activity was measured in the same reaction mixture with various concentrations of NaCl. Vanadate-sensitive (P-type) ATPase activity was examined in the same reaction mixture with 12.5 mM Tris-MES buffer (pH 6.5 or 7.0), 140 mM KCl and 100 mM vanadate. Nitratesensitive (V-type) ATPase activity was examined in the same reaction mixture with 12.5 mM Tris-MES buffer (pH 7.5) and 50 mM KNO 3 . Azide-sensitive (F-type) ATPase activity was examined in the same reaction mixture with 12.5 mM Tris-MES buffer (pH 8.0), 1 mM NaN 3 , 0.03% Triton X-100, without KCl. Each specific ATPase activity (P-, V-or F-type) was obtained by the whole ATPase activity minus each ATPase activity with the specific inhibitor, vanadate, nitrate or azide, respectively. Triton-stimulated UDPase activity was determined according to Nagahashi and Nagahashi (1982) . Antimycin A-resistant NAD(P)H-cytochrome c reductase was measured according to Hatefi and Rieske (1967) . PEPC activity was assayed by the method of Ashihara et al. (1997) .
Immunoblotting of PM H + -ATPases PM fractions containing 0.5 mg protein were separated by 8% SDS-PAGE (Laemmli 1970 ) and transferred to a polyvinylidene difluoride membrane. After blocking with 4% skimmed milk, the membrane was incubated overnight at 4°C with the 2,500-fold diluted primary antibody, which was raised against the conserved cytoplasmic region (central loop) of the PM H + -ATPase from O. sativa (OSA1; Wada et al. 1992 ). The membrane was incubated for 1 h with a 5,000-fold diluted secondary antibody (goat anti-rabbit immunoglobulin antibody conjugated with alkaline phosphatase), and then stained with 0.17 mg ml -1 Nitroblue Tetrazolium and 0.09 mg ml -1 X-Phosphate (5-bromo-4-chloro-3-indolyl phosphate).
H
+ -transporting activity in isolated PM vesicles A decrease in the absorbance of Acridine Orange was utilized to monitor the formation and dissipation of pH gradients across the membrane of PM vesicles as described by Palmgren (Palmgren 1990 , Palmgren 1991 . Two hundred mg of inside-out vesicles was added to 500 ml of reaction medium containing 10 mM MOPS-BTP (Bis-Tris propane, pH 7.0), 140 mM KCl, 2 mM ATP-BTP (pH 7.0), 20 mM Acridine Orange, 1 mg ml -1 defatted BSA, 1 mM EDTA-BTP (pH 7.0), 1 mM DTT, 10 mg ml -1 valinomycin and 0.5 mg ml -1 Brij 58, and then incubated for 5 min at 25°C. The absorbance was monitored at 495 nm using a spectrophotometer (Hitachi U-2000, Japan).
Trypsin treatment
The PM fraction in buffer B, which contained Brij 58 at seven times the protein concentration, was treated with 2.0 U ml -1 trypsin at 20°C. Proteolysis was stopped by adding 3.5 U ml -1 trypsin inhibitor for 5 min at 20°C .
Atomic absorption spectrometry (AAS)
Leaves of Z. marina, V. gigantea and O. sativa were dried, and then ground and extracted with 1 M HCl for 24 h at room temperature. The concentration of Na + and K + in the filtrate was determined with an atomic absorption spectrophotometer (Hitachi Z-8000, Japan) with an air-acetylene flame.
Scanning electron microscopy with energy-dispersive X-ray (SEM/ EDX)
Leaves were frozen with liquid N 2 and dissected. Sections of leaves were mounted on a carbon film and vacuum was applied for 20 min. The samples were qualitatively analyzed with SEM/EDX (JSM-5500LV, Japan) after coating with gold. The microscope conditions were 15 kV accelerating voltage and 1´10 -6 mA (1 nA) specimen irradiation current.
